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Abstract 
A system is described for calculating volume from a sequence of multiplanar 2D ultrasound images. 
Ultrasound images are captured using a video digitising card (Hauppauge Win/TV card) installed  in a 
personal computer, and regions of interest transformed into 3D space using position and orientation data 
obtained from an electromagnetic device (Polbemus, Fastrak). The accuracy of the system was assessed 
by scanning 10 water filled balloons (13-141 ml), 10 kidneys (147  200 ml) and 16 fetal livers (8  37 
ml) in water using an Acuson 128XP/10 (5 MHz curvilinear probe). Volume was calculated using the 
ellipsoid, planimetry, tetrahedral and ray tracing methods and compared with the actual volume 
measured by weighing (balloons) and water displacement (kidneys and livers). The mean percentage 
error for the ray tracing method was 0.9 ± 2.4%, 2.7 ± 2.3%, 6.6 ± 5.4% for balloons, kidneys and livers, 
respectively. So far the system has been used clinically to scan fetal livers and lungs, neonate brain 
ventricles and adult prostate glands.  
 
Key Words: Three dimensional ultrasound, Multiplanar image registration, Volume measurement.  
 
 
INTRODUCTION 
 
The measurement of volume is becoming increasingly important in medicine as abnormal volume is 
often indicative of abnormal function or pathology. In the past, attempts have been made to estimate the 
volume of an organ or structure from plain X-rays by measuring, for instance, the height, width and 
depth and assuming that the object approximates to a geometric shape such as an ellipsoid (Dodge et al. 
1960; McLachlan et al. 1968; Austin 1971 et al. 1977; Levine et al.1979). This has obvious drawbacks 
as it is impossible to accurately describe the shape of an organ from just three dimensions. With the 
advent of tomographic imaging modalities such as computed tomography (CT), magnetic resonance 
imaging (MRI) and positron emission tomography (PET) it has become possible to obtain a number of 
cross-sectional images through an object to enable more accurate determinations of volume. CT, MR 
and PET scanners produce parallel images of known separation making volume calculations fairly 
straightforward. Ultrasound images are also tomographic in nature, but are usually acquired by hand and 
so tend to be multiplanar, i.e., non-parallel, unevenly spaced and maybe sheared. Images must be 
registered in some way to a common coordinate system before accurate volume calculations can be 
made. There are two essential requirements for calculating volume: (1) delineation of a region interest 
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(ROI) on each image; and (2) knowledge of the position and orientation of each image with respect to a 
common coordinate system. 
 
 
REGISTRATION OF IMAGES 
 
Various techniques have been developed for registering ultrasound images. The ultrasound transducer 
can be attached to a mechanism to ensure that parallel images of known separation are acquired. e.g., for 
scanning the fetus (Klein et al. 1993), blood vessels (Blankenhorn et al. 1983; Picot et al. 1993; 
Pretorius et al. 1992), heart (Matsumoto et al. 1981; Raichlen et al. I986 ), prostate ( Hastak et al. 1982) 
and maxillofacial anatomy (Hell et al. 1993). Motorised pull-back systems for use with intracavity 
transducers have been reported for imaging the prostate (Sehgal et al. 1993), female urethra (Kirschener-
Hermanns et al. 1994) and transesophageal imaging of the heart (Wollschlager et al. 1989). In motorised 
pull-back systems, the distance between image planes is found by multiplying the pull-back velocity by 
the time interval between image acquisitions. In manual pull-back systems, image separation is 
measured using a scale beside the catheter. Intravascular catheters can also be used to acquire a 3D data 
set, either using the manual pull-back method (Ennis et al. 1993: Rosenheld et al. 1991, 1992), or 
rotation about the central axis (Kok-Hwee et al. 1994).  
 
Ghosh et al. (1982) and Pini et al. (1989) describe a system in which the transducer is held in a rig 
allowing only central axis rotation of the transducer. Fine et al. (1991) describe a similar technique using 
a hand held transducer. Knowledge of the angle between image planes enables image registration to be 
carried out.  
 
Any system in which the ultrasound probe is attached to a mechanical device obviously restricts 
freedom of movement in some way. This problem can be overcome to some extent by connecting the 
transducer to an articulated arm that records the position and orientation as the transducer is scanned 
across the body (Sawada et al. 1983: Teicholz et al. 1974). Such arms usually have variable 
potentiometers placed at each joint to measure limb angle. 
 
To allow more or less complete freedom of movement, remote systems for measuring the position and 
orientation of an ultrasound transducer are required. Brinkley et al. (1978), King et al. (1990), Moritz et 
al. (1983) and Levine et al. (1989) describe an acoustic ranging system. This utilises three spark gaps 
attached to a small platform connected to the transducer, and four microphones placed on a stationary 
“L” shaped bar. The distance between the microphones and spark gaps is calculated from the time-of-
flight of the sound. To avoid significant errors, the air temperature must be continually monitored as the 
velocity of sound in air changes at a rate of about 2% per 10°C and there must be a clear path between 
the spark gaps and microphones. 
 
Electromagnetic systems for image registration have been reported by Gardener et al. (1991), Lees et al. 
(1991a,b, 1993). Kelly et al. (1992) and Hodges et al. (1994).  In all of these systems, an 
electromagnetic signal is emitted from a stationary transmitter and detected by a mobile receiver. Both 
the transmitter and receiver are constructed from three mutually orthogonal coils of copper wire. The 
distance and orientation of the receiver are calculated from the relative strength of the signals received in 
each sensing coil. The advantage of electromagnetic systems is that the receiver is small and light and so 
can easily be attached to an ultrasound transducer. A major disadvantage is that nearby metal and stray 
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electromagnetic signals can produce errors in the measurements. 
 
MATERIAL AND METHODS 
 
Hardware 
The system that we have developed fits onto a trolley (Fig. 1), and comprises an IBM compatible PC 
(486 DX2-66, 8 MB memory, 200 MB hard disc) (ProData 486, Data Products and Services, Inc. 
Loveland, CO, USA). Ultrasound images are captured using a video digitising card (Win/TV, 
Hauppauge Computer Works. Inc., Hauppauge, NY, USA, distributed in the UK by ODT, London). The 
image data is stored in a 1 MB frame buffer in YUV 4: 1: 1 format and then transferred to the hard disc 
in various standard image formats (in this case BMP, Microsoft Windows device independent bitmap). 
The video signal is digitised with a resolution of 7 bits, resulting in 128 grey levels. The acquisition rate 
depends on image size. For 328 × 228 pixel images, the acquisition rate is two frames per second 
directly to the hard disc. 
 
 
 
Fig. 1. The main components of the system fit onto a trolley that can easily be transported between hospital 
departments and ultrasound machines. The Acuson 128XP scanner is seen in the centre with the PC and Fastrak 
on the trolley to the left and the wooden transmitter stand to the right of the examination couch. 
 
 
The position and orientation of the ultrasound transducer is measured using a Polhemus 3Space Fastrak 
system (Polhemus, Inc., Colchester, VT, USA. distributed in the UK by Virtual Presence, London). The 
Fastrak system comprises a transmitter and receiver, both of which connect to a system electronics unit 
(SEU). The SEU is connected to the PC via a RS-232 serial link (Fig. 2). The transmitter emits a 8013 
Hz electromagnetic signal that is detected by the receiver. In a metal-free environment, the static 
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accuracy of the system is specified as 0.8-mm RMS and 0.15 (2.6 18 × 10-3 radians) RMS, and the 
resolution, 0.005 mm per cm of range and 0.025 (2.181 ×10-3 radians). These values apply when the 
receiver is within 76 cm of the centre of the transmitter. 
 
We found that direct placement of the receiver onto the Acuson l28XP transducer used in this 
experiment caused skewing of the outlines. To overcome this problem the receiver was attached to a 
Perspex bar, which was attached to a moulded plastic shell clipped onto the transducer case (Fig. 3). The 
receiver is small (2.8 × 2.3 × 1.5 cm) and light (17 g) and so does not interfere with normal scanning. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The Fastrak transmitter and receiver are attached to a systems electronic unit (SEU), which in turn is connected to a 
personal computer (PC) via an RS-232 serial link. The video signal from any ultrasound machine is connected to a video 
capture board within the PC, which enables images to be displayed in Microsoft Windows and subsequently stored on disc. 
 
Software 
The SEU is controlled by sequences of ASCII characters transmitted from the PC via the serial link. 
Each value is transmitted in binary (4 bytes/number), at a baud rate of 9600 bits/s; therefore 41 ms are 
required to transmit each set of position and orientation data (seven numbers in total). Position and 
orientation data (POD) are acquired immediately after each image acquisition. The Win/TV card was 
programmed using a software development kit produced by Hauppauge. The program described here 
was written in C using the Microsoft Visual C++ programming environment. Programs were developed 
to outline regions of interest (ROIs), transform the outline points to real space, connect the transformed 
outline points into a series of triangles, and apply the volume calculations. In order to transform the 
outline points to real space, the position and orientation of the Fastrak receiver with respect to the centre 
of the front face of the ultrasound transducer must be recorded along with information such as image 
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calibration factors, etc. These data are stored as a separate position information file. Analysis of the 
results was carried out using a Unix graphics supercomputer (Titan Kubota Pacific Inc., Santa Clara, 
CA, USA). 
 
Algorithms 
Conversion of image coordinates to Fastrak coordinates. Orientation quarternions are used to calculate 
the direction cosines (Cooke et al. 1992) of three vectors that project from the centre of the receiver 
(Fig.4). Quarternions were used as only four numbers are required to encode the same orientation 
information as six direction cosines, therefore, the data can be transferred more quickly. Also 
quarternions are a more robust way of encoding directional information, especially compared to Euler 
angles where there is an ambiguity between yaw and roll at high pitch angles. 
 
The line-of-sight (LOS) vector projects from the front face of the receiver, the line-of-hear (LOH) vector 
is directed out of the right hand side at right angles to the LOS, and the line-of-plumb (LOP) vector is 
directed downwards at right angles to both the LOS and LOH vectors (Fig. 4). The coordinate system is 
the same as that generally used for graphs with the +x axis extending to the right of the origin, the +y 
axis extending above the origin and the +z axis extending out of the page toward the viewer. The 3D 
coordinate of any point within an image is calculated by summing the vectors between the centre of the 
receiver and a point on the image, as shown in Fig. 4 where: 
 
p = position vector of image point; 
 
f = position vector of Fastrak receiver; 
 
v1 = vector projecting from Fastrak receiver to a point above the transducer centre; 
 
v2 = vector projecting from the end of v, to the transducer centre; 
 
vx vy = vectors pointing in the same direction as the image x and y axes; 
 
tx, ty = image coordinates of the centre of the transducer face; 
 
cx, cy = calibration factors in the x and y direction; 
 
∆x, ∆y = x,y coordinates of image point relative to the centre of the transducer face; 
 
∆x = tx – x, ∆y = ty – y, where x and y represent the image coordinates of a point. 
 
If v1 is in the LOS direction, v2 in the LOP direction, vx in the LOH direction and vy in the LOS 
direction, the coordinates of an image point in Fastrak space are given by: 
 
 
          |  |        |  |                        
 
 
          |  |        |  |                        
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          |  |        |  |                        
 
 
 
The above equations are converted into matrix form as follows. 
 
Let: 
 
           
 
           
 
           |  |      |  | 
 
 
 
           
 
           
 
           |  |      |  | 
 
 
           
 
           
 
           |  |      |  | 
 
 
and 
   (       ) 
 
 
Then 
 
        
 
 
where: 
 
fi = Fastrak coordinate of ith image point; 
pi = coordinate of ith point relative to the centre of the transducer face; 
ms = transformation matrix for slice s. 
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Fig. 3. The Fastrak receiver is attached to the ultrasound transducer by means of a moulded plastic shell and Perspex bar. The 
receiver is held away from the transducer to reduce electromagnetic interference from components within the transducer.
  
 
 
A ruler was used to measure the distances of the centre of the receiver above the image plane (|v1|) and 
between the point in the image plane directly below the receiver and the centre of the ultrasound 
transducer face (|v2|). The position and orientation of the receiver does not matter so long as the lengths 
and directions of the vectors are known. The position of the receiver relative to the ultrasound transducer 
face can be described by more than two vectors if necessary, but this may increase the error in the 
volume estimate. This is because each vector has a certain error in the position of the start point and 
projection angle. The uncertainty will increase with the number of vectors placed end to end. For the 
receiver attachment shown in Fig. 3, |v1| = 17.9 cm and |v2| = 2.8 cm. The centre of the receiver was 
assumed to be where the manufacturer claims it is. 
 
The centre of the transducer face is marked on one of the images and this point assumed to be at the end 
of the LOS vector projecting to the centre of the transducer face. (If the LOS vector is offset to one side 
of the centre of the transducer face, then the equivalent point must be marked on the image.) This point 
becomes a new origin on the image and is essential for calculating the 3D coordinate of an image point. 
The x and y axis calibration factors are calculated using scale markers on the ultrasound image. The 
x,y,z Fastrak coordinate of a point in the image is calculated by multiplying the x,y image coordinates 
(relative to the transducer origin) by the unit receiver vectors that happen to be aligned with the x and y 
axes of the image (in the example shown in Fig. 4, the LOH vector for the x axis and the LOS vector for 
the y axis). If the x axis of the image is anti parallel to the positive direction of the corresponding 
receiver axis, the object will be reflected about a line parallel to the y axis that passes through the centre 
of the transducer face. However, as all points retain their relative position, the calculated volume will 
not be affected. If, for some reason, the absolute positions of the ROI points are required, the image x 
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axis may have to be reversed (most machines have a facility for doing this). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. The Fastrak receiver is attached to the ultrasound transducer by means of a Perspex bar. The receiver contains three 
orthogonal copper coils that define the x, y and z axes (LOS, LOH and LOP, respectively). In this arrangement, four vectors 
(v1 , v2, vx and vy) are summed to enable region of interest (ROI) points to be transformed from image to Fastrak coordinates. 
Any other configuration of the vectors could be used, but the error is likely to increase with the number of vectors used. 
 
 
Volume calculations. Volume was estimated using the ellipsoid, planimetry and tetrahedral methods, 
and a new ray tracing method. These methods were chosen to cover the types of algorithm that might be 
used to calculate volume. The latter two methods require the surface of the object to be represented as a 
triangular mesh and the former two require just the basic ROI points. The ellipsoid method is the most 
commonly used method to estimate volume, especially for hearts and prostate glands in which the 
volume of the organ is assumed to be equal to that of a prolate ellipsoid of the same length, height and 
width as the organ. The main advantage of the ellipsoid technique is its simplicity. The main 
disadvantage is that significant errors can result if an organ is not roughly ellipsoidal in shape. The 
algorithm implemented on our system is a simulation of the usual ellipsoid technique. The long axis is 
taken as the distance between the centroids of the first and last outlines and the product of the two minor 
axes is calculated by dividing the largest outline area by 2. 
 
Planimetry involves multiplying the area of each ROI by the local slice thickness (Watanabe 1982). The 
accuracy of this technique depends on image planes being close together with only a slight difference in 
orientation between adjacent planes. If the surface of the ROI is modelled by a triangular mesh, the 
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volume can be calculated be generating tetrahedral using the triangle vertices and outline centroids 
(Cook et al. 1980). We have developed a fourth ray tracing technique that enables the volume of a 
triangulated object of any shape to be calculated. A grid is constructed in the x,y plane equal in extent to 
the maximum x and y sizes of the triangulated object. Rays are cast through the object from each grid 
node, and the volume calculated by multiplying the distance between intercepts on each side of the 
object by the area of each grid element. 
 
Balloons. Ten balloons (ranging in size from 13.6  141.6 ml) were filled with water and the necks tied 
off with surgical suture. Water-filled balloons were chosen for this experiment because, unlike organ 
phantoms, their volume can be accurately measured by weighing (assuming a density of 1 g/ml for 
water). The balloons were attached to a hollow Perspex cylinder by means of a rubber band and placed 
in a tank of tap water at 26°C. The tank was placed on an examination couch (Fig. 1) in approximately 
the same position as a patient undergoing an ultrasound scan. The balloons were scanned using an 
Acuson 128XP/10 with a 5 MHZ curvilinear probe. The transducer was moved continuously across the 
balloons. The operator was an experienced ultrasonographer who is currently using the system in a 
clinical trial designed to assess the benefits of ultrasonic volume measurements in fetal medicine. The 
Fastrak transmitter was attached to a purpose-built wooden stand (Fig. 1) and suspended above and to 
the side of the tank. During scanning, the transducer was oriented so that there was a clear line of sight 
between the transmitter and receiver. The receiver and transmitter were between 0.5 and 1 m apart 
during scanning. Twenty images with a 324 × 224 matrix were acquired over a period of 10 s (two 
images per second). The x,y dimensions of each pixel was 0.353 and 0.376 mm, respectively. After 
scanning, the balloons were emptied and weighed (Sartorius MC 1, Sartorius AG, Gottingen, Germany) 
to an accuracy of ± 0.01 g. The volume of the water in the balloons was assumed to be the total weight 
of the balloon minus the weight of the rubber and suture, divided by the density of water. 
 
The image and data files were transferred to the Titan computer via a local network and the edges of the 
balloons (Fig. 5) outlined using a mouse and transformed to Fastrak coordinates (Fig. 6). After 
transformation, a triangulation algorithm (Hughes and Brueton 1994) was used to tessellate the surface 
of each balloon (Fig. 7). Prior to tessellation and transformation, the outline points are interpolated into a 
number of evenly spaced points to improve triangulation. The surface is displayed as a sequence of 
alternating light and dark triangular facets and can be rotated about the x,y,z axes in the display to check 
that triangulation has proceeded correctly. The volume of each balloon was estimated using the four 
algorithms described above. 
 
The volumes were corrected to take into account of the difference in the speed of sound in tissue at 37°C 
(1540 m/s) and in water at 26°C (1495 m/s; Bamber and Hill 1979). This discrepancy results in 
overestimation of distance in the direction of sound propagation by 2.92%; therefore, the calculated 
volumes need to be reduced by a factor of 0.9708. The mean percentage error was calculated by dividing 
the measured volume by the (signed) difference between the measured and calculated volumes. The F-
test was used to assess the significance of the differences between the variances and in cases where the 
variances were not significantly different, one-way analysis of variance was used to assess the 
significance of differences between the means. 
 
Kidneys. Ten cadaveric pig’s kidneys (obtained from a local supermarket), ranging in volume from 147 
200 ml, were placed in turn on a Perspex plinth in a 26 l Perspex tank filled with normal saline (0.9% 
Volume estimation from multiplanar 2D ultrasound images  
  
10 
NaCl solution), and scanned using an Acuson 128XP/3. The transducer was placed in a derrick placed at 
right angles to the long axis of the tank, which enabled the transducer to be set at various angles. The 
kidneys were scanned with radial, parallel and slanted scans to simulate how an organ might be scanned 
in the clinic. The transducer was positioned by hand, but was stationary during each image acquisition. 
Between 15 and 20 images were captured of each kidney, and the images were analysed in the same way 
as the balloons. Immediately after scanning, each kidney was placed in a 2000 ml graduated cylinder to 
measure the volume of water displaced. The accuracy of the water displacement technique was assessed 
by measuring the volume of five accurately machine Perspex cylinders ranging in volume from 30  260 
ml. (The experiment was carried out without the observers knowing the volume of the cylinders.) The 
velocity of sound was assumed to be 1540 m/s within the kidneys. Errors in the path lengths of the A 
scan lines caused by differences between the velocities of sound in water and tissue were ignored.  
 
Fetal livers. Sixteen cadaveric fetal livers (8  37.5 ml), fixed in formaldehyde, were scanned in a tank 
of distilled water. The same scanner, scan techniques and volume calculation methods were used as for 
the kidneys. The actual volume of the kidneys was assessed by placing the livers in a 500 ml graduated 
cylinder and noting the rise in water level. The accuracy of this method was assessed by measuring the 
volume of seven Perspex blocks (3 71 ml). 
 
Scanner test 
The Acuson scanner was tested using the Cardiff resolution test object (Gammex-RMI Ltd, Nottingham, 
UK), which contains parallel wires of known separation embedded in tissue equivalent gel. The tests 
involve measuring distances between wires and assessing the minimum wire separation that can be 
resolved. The range was set to 140 mm, with a medium depth focus. The mean vertical large scale linear 
calliper accuracy was 0.16 & 0.1 mm and the mean horizontal large scale linear calliper accuracy 0.6 2 
1.64 mm. The axial resolution was <l mm, and the horizontal resolution was between 1.25 and 2.5 mm. 
 
Fastrak accuracy 
The accuracy of the Fastrak system was assessed by attaching the Fastrak receiver to a Perspex wheel 23 
cm in diameter and 1 cm thick. It is very tedious to fully assess the accuracy of a device that has six 
degrees of freedom, however, a wheel is a convenient way to combine the measurement of position and 
angle. The receiver was fixed onto the wheel by means of polythene screws so that the electrical centre 
of the receiver (as specified in the manual) was 10 ± 0.01 cm from the centre of the wheel. The receiver 
was oriented so that the LOS vector pointed to the centre of the wheel. The wheel was fixed to a base 
and could be rotated 360 about the vertical and horizontal axes. The whole assembly was fixed to a 
board (using reusable plastic adhesive), which was then placed on the treatment couch. The centre of the 
wheel was about 30 cm above the top surface of the couch. (With receiver attached to the ultrasound 
transducer as shown in Fig. 3, the receiver is unlikely to go lower than 30 cm above the surface of the 
couch when a patient is being scanned.) The centre of the wheel was positioned at a distance of about 50 
cm from the centre of the transmitter, with the plane of the wheel oriented at approximately 45 to the x 
and y axes of the Fastrak transmitter. The transmitter was positioned next to the couch as shown in Fig. 
1, and was above the top of the wheel. (The transmitter is always placed slightly above the scan region 
to ensure a clear path to the receiver.) The wheel was moved in 15 increments and the position and 
orientation quartenions were recorded by a notebook PC attached to the Fastrak SEU via the serial link. 
One hundred data samples were acquired over 10 s to assess the overall noise level with the ultrasound 
machine switched on and off. 
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Fig. 5. Ultrasound image through one of the water filled balloons scanned in a plastic bowl full of tap water. The 
middle of the balloon wall was outlined on successive images. 
 
 
 
 
 
 
Fig. 6. A balloon outline transformed using the position and orientation data obtained from the Fastrack. 
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Fig. 7. Transformed ROI points are connected to form a series of triangles. Alternate dark/light shading makes 
it easier for an observer to check that the triangulation algorithm has performed correctly. 
 
LOS
q = 150
d = 2r sin(q/2) = 2.61 cm
centre of 
wheel
receiver
10 cm
v1 v2
If l,m and n designate x,y and z direction 
cosines, the angle between v1 and v2 may be 
calculatedfrom cos q = l1l2 + m1m2 + n1n2
 
 
Fig. 8. A Perspex wheel was constructed to test the accuracy of the Fastrak system. The receiver was attached to the wheel as 
shown. The wheel was moved in 15 increments and the angle and distance moved calculated. 
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The position and orientation data were stored in ASCII and transferred to a spreadsheet program 
(Microsoft Excel). The quartenions were used to calculated the direction cosines of the LOS, LOH and 
LOP vectors as described above. Sector angles were calculated by taking the arccosine of the sum of the 
product of the x,y and z direction cosines (Stroud 1984). As the wheel is rotated in 15 increments the 
LOS and LOH vectors should change by 15 and the LOP vector by 0 and the position of centre of the 
receiver should change by 2.61 cm (Fig. 8). This represents the length of the chord across the ends of a 
15 sector of a circle of 10 cm in radius. The angle could be set to within half of the 0.25 mm thick 15 
marks around the perimeter corresponding to an error of 0.11. 
 
RESULTS 
Balloons 
Figure 9(a) shows a plot of the measured volume vs. that calculated by the four methods described 
above. It is apparent that the ellipsoid method has more scatter than the other three methods. Figure 9(b) 
shows that the 95% range for the ellipsoid method is much greater than for the other three methods. 
There is little difference in the 95% limits of agreement for the other three methods. The “error bars” 
indicate the mean ±2 standard deviations of the differences between the measured and calculated 
volumes for the four methods (Bland and Altman 1986). Analysis of variance showed no significant 
difference (p = 0.49) between the planimetry, tetrahedral and ray tracing methods. However, there was a 
significant difference between the ellipsoid technique and the other three techniques (p = 0.018). 
 
Kidneys 
For the ray tracing method, there was no significant difference (p > 0.4) between the variances of the 
three scan techniques. However, there was a significant difference (p = 0.02) between the mean volumes 
produced by the radial, parallel and slanted scan techniques. For radial scanning, there was no 
significant difference between the mean volumes produced by the four volume estimation methods (p = 
0.56) however, there was a highly significant difference between the variances of the ellipsoid and the 
other three methods (p < 0.001). The mean percentage error for the ray tracing method using the radial 
scan technique was 2.7 ± 2.3%. The accuracy and precision of the water displacement technique was  
-0.93 ± 1.82%. 
 
Fetal livers 
As for the kidneys, for ray tracing there was no significant difference in the variance between the three 
different scanning techniques (p > 0.36) although there was a significant difference between the means 
(p < 0.001). For the radial scanning technique there was no significant difference between the mean and 
variance of the planimetry, tetrahedral and ray tracing volume estimation methods; however, there was a 
significant difference (p < 0.04) between variance of these three methods and the ellipsoid method. The 
mean percentage error for the radial scanning technique and ray tracing volume calculation method was 
6.6 ± 5.4%. The accuracy and precision of the water displacement technique was 7.8 ± 9.8%. 
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Fig. 9. (a) Plot of measured balloon volume verses the volume calculated by the ellipsoid (el), planimetry ( pla), tetrahedral 
(tet) and ray (ray) tracing methods. The line of identity is shown. (b) Bland-Altman plot of the difference between the 
calculated volumes and the actual volume against the average of the two. The 95% range bars are designated by the first letter 
of the method that they refer to. The middle of each bar represents the mean difference and the two outer bars plus or minus 
two standard deviations. 
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Fig. 10. (a) Plot of calculated versus measured volume for the balloons, kidneys and fetal livers. The ray tracing technique 
was used to calculate all volumes. The balloons were scanned free-hand and the kidneys and livers scanned with radial 
technique with the transducer held in a rig. The line of identity is shown. (b) Bland-Altman plot as described for Fig. 9. The 
95% range bars error bars are designated by the first letter of the scanned object. 
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Balloons, kidneys and livers grouped together 
Figure 9(a) shows a plot of measured volume versus calculated volume for the balloons, kidneys and 
fetal livers. Figure 10(b) shows a Bland-Altman plot showing the variance of the absolute error about 
the mean error. An interesting point to note is that although the percentage error decreases with volume, 
or at least in the order liver, balloons and kidneys, the absolute error in terms of millilitres increases. 
Table 1 summarises the results for each group and for all groups taken as a whole. There appears to be a 
correlation (r = 0.99, p = 0.008) between the mean balloon, kidney and liver volumes and the standard 
deviations of the absolute errors. Table 2 shows the results for ray tracing volumes for kidneys and livers 
for the three scanning techniques. Note that for some reason the slanted scans underestimate volume. 
 
 
Fastrak accuracy 
Over a complete rotation of 360, the means and standard deviations of the LOS, LOH and LOP vectors 
were 15.03 ± 0.7, 15.04 ± 0.7 and 1.09 ± 0.7, respectively, and the mean chord length was 2.715 ± 
0.22 cm. In reality the transducer would probably not be moved more than ±30 from the vertical. For a 
60 excursion over 10.4 cm, the angle was measured as 15.18 ± 0.06 (1.2 ± 0.4% ) and the chord length 
2.609 ± 0.019 cm (0.05 ± 0.73%). Over a distance of 10 cm, a 0.18 error in measuring angle would 
result in a position error of 0.3 mm. To assess the noise level, the standard deviation of the x,y and z 
coordinates and LOS, LOH and LOP vectors were calculated. The mean standard deviation of the x,y 
and z coordinates was 0.012 mm, and the mean angular standard deviation 0.028, which over a distance 
of 10 cm will result in a position error of 0.05 mm. 
 
 
Table 1. The mean and standard deviation of the percentage error, for the ellipsoid, planimetry, tetrahedral and ray tracing 
methods for the balloons, kidneys and livers. 
 
 
 Ellipsoid Planimetry Tetrahedral Ray trace 
Balloons 13.4 ± 20.9 2.1  ±  2.1 0.9  ±  1.9 0.9  ±  2.4 
Kidneys 5.3  ± 10.6 5.9  ±  2.1 4.3  ±  2.2 2.7  ± 2.3 
Livers 2.9  ±  8.7 6.5  ±  5.2 7.3  ±  5.2 5.2  ± 4.7 
 
 
Table 2. The mean and standard deviations of the percentage error for the kidney and liver ray trace volumes for the three 
scan techniques. 
 
 Radial Parallel Slanted 
Kidneys 2.7  ±  2.3 2.1  ±  2.7 -0.9  ±  2.8 
Livers 6.6  ±  5.4 4.6  ±  5.5 -2.8  ±  6.8 
 
 
 
DISCUSSION 
 
The results show that the system has the potential to provide accurate estimates of organ volume using a 
variety of volume calculation algorithms. Our results are comparable to those obtained by other workers 
on balloon phantoms (Brinkley et al. 1978; Eaton et al. 1979; Geirsson et al. 1982; Hastak et al. 1982; 
Hodges et al. 1994). In general, there was not much to choose between the planimetry, tetrahedral and 
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ray tracing methods of estimating volume, which were much superior to the ellipsoid method. The 
radial, parallel and slanted scan methods produced results with similar variance, but with significantly 
different means. More work needs to be done to assess the importance of these differences and to see 
whether they can be reduced. 
 
A number of factors influence the overall error in the result, for instance the size and quality of the 
images, the scanning technique (e.g., orientation and number of slices), errors in the Fastrak data, and 
errors in the volume algorithms. Interference from metal is a problem with electromagnetic systems; 
however, our results show that for small excursions of the receiver the accuracy is adequate even in the 
presence metal (for instance in the examination couch). The accuracy of the Fastrak is similar to that 
quoted by the manufacturer over the kind of excursions used for scanning an organ. Errors in measuring 
relative position and angle affect the error in measuring volume, but not errors in absolute position. The 
percentage error seems to decrease with volume while the limits of agreement appear to increase. 
Clinically, in some cases the percentage error is likely to be of most interest, but in other cases, e.g., 
cardiology, the actual difference will be important (as this will have a direct bearing on the precision of 
estimating stroke volume and, therefore, cardiac output). As in other imaging modalities, the critical 
factor influencing the error is likely to be the accuracy of delineating in vivo ROIs. This will depend on 
the quality of the machine used and the ability of the ultrasonographer. 
 
Further work needs to be done on assessing: inter and intra observer ROI tracing errors; the accuracy 
required in positioning the Fastrak receiver relative to the ultrasound transducer ; and environmental 
influences on the Fastrak. Tissue inhomogeneities in the path of the ultrasound beam are likely to cause 
geometric distortions due to refraction and time-of-fight errors. 
 
In recent years, dedicated 3D ultrasound scanners have been developed. These systems have various 
advantages over “add on” systems, such as the one described in this article. For instance, dedicated 3D 
systems are less cumbersome to use. They are excellent for small objects, but cannot be used over 
extended distances as is required for vascular imaging. Therefore, 2D systems with an added 3D 
capability are likely to complement dedicated 3D systems. 
 
Currently, the vast majority of scanners are 2D, and this is likely to remain the case for several years to 
come. The system that we describe also has the advantage of being relatively cheap (the Polhemus 
device costs just under ₤5000 and the video card ₤300), can be connected to any scanner, and is easily 
transportable enabling sharing between scanners. Another advantage of external localisation systems is 
the ability to scan an organ from different directions and to combine the images. 
 
The software to outline and transform ROIs and to calculate volume has now been implemented on a 
PC. So far the system has been used to scan fetal livers and lungs, adult prostate glands and neonate 
brain ventricles. We believe that these results are encouraging and demonstrate that volume estimates 
within 10% are obtainable in the clinic. 
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